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1 1.5 Characteristics of the S N 2 Reaction 369 

in 2,2-dimethylpropyl (neopentyl) halides, greatly slows nucleophilic dis- 
placement. Clearly, S N 2 reactions can occur only at relatively unhindered 
sites and are normally useful only with methyl halides, primary halides, 
and a few simple secondary halides. 

Although not shown in the preceding reactivity order, vmyhc halides 
(R 2 C=CRX) and aryl halides are completely unreactive toward attempted 
S N 2 displacements. This lack of reactivity probably is due to steric factors, 
since the incoming nucleophile would have to approach in the plane of 
the carbon-carbon double bond in order to be able to carry out back-side 
■ displacements. 
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ffi#TACKIt\3G NUCLEOPHILE 

- i?The nature of the attacking nucleophile is a second variable that has a major 
ll-Weffect on the S N 2 reaction. Any species, either neutral or negatively charged, 
iBfan act as a nucleophile as long as it has an unshared pair of electrons (that 
!i:Uis,-as long as it's a Lewis base). If the nucleophile is negatively charged, 
^Pffif^product is neutral, but if the nucleophile is neutral, the product is 



| positively charged. 

fflg i Negatively charged Nu • 
PlfSS Neutral Nu: 




R — Nu + Ys 
R _Nu + + YJ 



J|;i Because of the wide scope of nucleophilic substitution reactions, a great 
l^ny'kinds of products can be prepared from alkyl halides and tosylates. 
iTable' iili lists some common nucleophiles and shows the products of their 
ig^actiohs with bromomethane. 

^P^lthough all the S N 2 reactions shown in Table 11.1 take place as indi- 
^Isfne'-'are much faster than others. What are the reasons for the 
^^iyity differences? Why do some reagents appear to be much more 
^iHeophilic' 5 than others? 

^pl^ahswers to these questions aren't straightforward and aren't yet 
^^y^understood. Part of the problem is that the very term nucleophilic is 
^^^spAlthbugh most chemists use the term nucleophilicity to mean a 
^^P|f;the affinity of a species for a carbon atom in the S N 2 reaction, 
^^a^i|ity of a given nucleophile can change somewhat from one reaction 

exact nucleophilicity of a species in a given reaction depends on 
^|||e;:of the substrate, the identity of the solvent, and even the con- 
^^|||of the reagents. In order to speak with any precision, we .must 
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TABLE 1 1.1 Some S N 2 Reactions with Bromomethane: 
Nut" + CH 3 Br > NuCH 3 + Br 



A ttnfkine nucleonhile 
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Formula 
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Formula 


Name 




Hydride 


CH 4 


Methane 


CHqS • ~ 


Methanethiolate 


CH3SCH3 


Dimethyl sulfide 


HS:- 


Hydrosulfide 


HSCH 3 


Methane thiol 


N=C:~ 


Cyanide 


N=CCH 3 


Acetomtrile 


:jV 


Iodide 


ICH 3 


Iodomethane 


HO:- 


Hydroxide 


HOCH 3 


Methanol 


CH 3 6s- 

• • 


Methoxide 


CH 3 OCH 3 


Dimethyl etner 


N=N=N:~ 


Azide 


N3CH3 


Azidomethane ,5 


:C1:- 


Chloride 


cicHa 


Chloromethane ;<g 


CH3CO2 • ~~ 


Acetate 


CH 3 C02CH 3 


Methyl acetate If 


H 3 N: 


Ammonia 


H3NCH3 Br" 


Methylammonium bromide :g 


(CH 3 ) 3 N: 


Trimethylamine 


(CH 3 ) 3 NCH 3 Br- 


Tetramethylammonium bromide 



study the relative reactivity of various nucleophiles on a single substrate--^: 
in a single solvent system. Much work has been carried out on the S N 2 j|: 
reactions of bromomethane in aqueous ethanol with the following results: «| 



Nu = 

Relative 
reactivity 



HS- 
125 

More 
reactive 



CH 3 Br + 
CN" 

125 



Nu: 
I- 

100 



> CH 3 Nu + Br" 




CH3O- HO" Cl- 


NH 3 


25 16 1.0 


0.7 




Less 
reactive 


>• .—. '• . : 



H 2 0: 



0.001 ( ( : ) [I 



Although precise explanations for the observed nucleophilicities aren't :;| 
known, some trends can be detected in the data: X\ a 

Nucleophilicity roughly parallels basicity when comparing nudeojj 
philes that have the same attacking atom. Hydroxide ion, for e«§§ 
pie is both more basic and more nucleophilic than watervSm|^ 
"nucleophilicity" measures the affinity of a Lewis base for a cart®* 
atom in the S N 2 reaction, and "basicity" measures the affinity,oj^| 
base for a proton, it's easy to see why there might be a rough cor 
slation between the two kinds of behavior. 
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TiT^Nucleophilicity usually increases on going down a column of the 
periodic table. Thus, HS~ is more nucleophilic than HO", and the 
' — halide reactivity order is I" > Br~ > Cl~. 



mm 



Tj^fflf^at products would you expect from reaction of 1-bromobutane with these 
=#"%-eagents? 

Bfe' ! NaI (b) KOH (c) H-C=C— Li (d) NH 3 

Tfipa ■ 

■re- 

If 5 ^The tertiary amine base quinuclidine reacts with CH 3 1 50 times as fast as triethyl- 

lllfanii] 



famine. Can you suggest a reason for this difference? 

in:. 



R 3 N: + CH 3 I 




Quinuclidine 



R 3 N— CHstlr 

(CH 3 CH 2 ) 3 N: 
Triethylamine 



^^pMch reagent in each of the following pairs is more nucleophilic? Justify your 
&^cnoices. 

ppH 3 ) 2 N- and (CH 3 ) 2 NH (b) (CH 3 ) 3 B and (CH 3 ) 3 N (c) H 2 0 and H 2 S 

K : ?Vvi - 

GROUP 

^^oilbr variable that can strongly affect the S N 2 reaction is the nature of 
IjMgrpup displaced by the attacking nucleophile: the leaving group. Since 
B§§aV?ng group is. expelled with a negative charge in most S N 2 reactions, 
^^lght expect the best leaving groups to be those that best stabilize the 
Seea|iye charge. Furthermore, since the stability of an anion is related to 
^ V we can also say that the best leaving groups should be the weakest 
^isesSlt . . * 

? j^^s indicated on the following page, the weakest bases (anions derived 
|^pm|he strongest acids) are indeed the best leaving groups. The p-toluene- 
f sulfpriate (tosylate) leaving group is very easily displaced, as are iodide and 
fegfiideion, but chloride and fluoride ion are much less effective as leaving 
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TosCT I- Br' Cr F" HO", H 2 N~, RQ- 

Relative 6Q 30 10 0.2 0.001 ~ 0 

reactivity 

More ^j^g^^^^^^^^y^*JSS^ rea ctive 
reactive 

The reason that stable anions (weak bases) make good leaving grou ps | 
™ i understood by looking at the transition state. In the transition state | 
rSSSon,Lcharie is distributed over botfc^ attack^ nudeo- 1 
S the leaving group. The greater the extent of charge stabduafaon | 
by leaving group, the more stable the transition state and the more f 
rapid the reaction. 3 
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It's just as important to know which are ^leaving group s as to know 
which are good, and the preceding data clearly indicate that F HO , RO % 
ITh N- Se not displaced by nucleophiles. In other words, alkyl fluorides | 
e^ ^famines^ not undergo S N 2 reactions under normal| 



circumstances. 



PROBLEM 

11.7 Rank the following compounds in order of their expected reactivity toward 
reaction: 

CH 3 Br, CH 3 OTbs, (CH 3 ) 3 CC1, (CH 3 ) 2 CHC1 



THE SOLVENT 

Th„ rates of manv S N 2 reactions are afifected by the solvent. Protic ^olventej; 
^^^oups, are generally the worst «Mj jta -J 
tions- polar aprotic solvents, which have strong dipoles but dont hav 

-°^S^atmeSnol and ethanol slow down S 2 rea^f 
by le tmSe energy level of the nucleophilic reactont 
energy level of the transition state. Protic so vent molecules + ar 
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HO", H 2 N', R0- 



into a "cage" around the nucleophile. This solvation strongly stabilizes 
the nucleophile, decreasing its reactivity toward electrophiles in the Sn2 
reaction. 
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~5 A solvated anion 

(reduced nucleophilicity due to enhanced ground-state stability) 

} r In contrast to protic solvents, polar aprotic solvents favor S N 2 reac- 

|:|S; i^tions. Particularly valuable are acetonitrile, CH 3 CN; dimethylformamide, 
(CH 3 ) 2 NCHO (abbreviated DMF); dimethyl sulfoxide, (CH 3 ) 2 SO (abbrevi- 
|| / ated DMSO); and hexamethylphosphoramide, [(CH 3 )2N] 3 PO (abbreviated 
|§!j/ HMPA). These solvents are able to dissolve many salts because of their high 

Ink f. ? iivii«:4~., Vv^+ +U«T7 4-n*nA +n cnrrAnnH f.ViP m^t.fll rflt.inrtQ raf.fipr than thfi nucleo- 



Hilli[]philic anions. As a result, the unsolvated anions have a greater effective 
W f nucleophilicity in these solvents, and S N 2 reactions take place at corre- 
spondingly faster rates, as indicated below. Rate increases of over a million- 
pfpld^li^ve been observed in going from methanol to hexamethylphosphor- 
ffirfaoiide "for the reaction of azide ion with 1-bromobutane: 
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Polar aprotic solvents increase the rate of S N 2 reactions by affecting 



level of the nucleophilic reactant rather than the energy level 

(raising) the ground- 



am. 

^^^gilmc solvents such as benzene, ether, and chloroform are neither protic 
n^iglyjpolar. What effect would you expect these solvents to have on S N 2 
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Reaction progress 



Figure 1 1.8 The effect of solvent on S N 2 reactions. The 
nucleophiie is stabilized and less reactive in protic solvents but 
destabilized and more reactive in polar aprotic solvents. 



11.6 The S N 1 Reaction 



As we've seen, the S N 2 reaction is favored by basic nucleophiles like hydrox- 
ide ion and is disfavored by protic solvents such as water and alcohol. As 
we've also seen, the reaction is sensitive to steric factors: Primary substrates 
react rapidly, secondary substrates react more slowly, and tertiary substrates 
are essentially inert to back-side attack by nucleophiles. 

Remarkably, a completely different picture emerges when different reac- 
tion conditions are used. When treated in protic solvents with nonbasic 
nucleophiles under neutral or acidic conditions, tertiary substrates often 
react several thousand times faster than primary or secondary ones. We 
noted in Section 10.8, for example, that the substitution reaction of alcohols 
with HX to yield alkyl halides is fastest for tertiary alcohols and slowest 
for methanol: 

R— OH + HX — -> R— X + H 2 0 
R 3 COH > R2CHOH > RCH 2 OH >CH 3 OH 
30 2° 1° Methanol 



More 
reactive 



reactive 



The same trend is noted in many substitution reactions in which sub- 
strates are heated with nonbasic nucleophiles in protic solvents: Tertiary 
substrates react much faster than primary or secondary ones. For example, 
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For the determination of pKa values, AhpC C46A and Cl 65 A (20 u.M) were treated with 
iodoacetamide (200 jjlM) in 100 mM potassium phosphate, 1 mM EDTA at pH values 
from 4. to 10 for 45 mm at room temperature. DTNB (5,5'-dithiobis(2-nitrobenzoic acid); 
200 u-M) was added, and sulphydryl content determined by absorbance at a wavelength of 
412 nm. 

Stopped-flow experiments were performed on an OLIS RSM-16 instrument One 
syringe contained 5 jtM peroxynitrite in 3 mM NaOH, and the other contained 100 mM 
potassium phosphate pH 7.0, 100 u.M DTPA (KPi buffer). Equal volumes were injected 
into a stopped -flow cell, and the pH of the reaction (6.75) was measured at the oudet 400 
scans were collected for each run, and ft^ was obtained by fitting experimental data to a 
single exponential decay function. 

TBH reductase activity was measured in the presence of NADH (200 u,M), AhpF 
(500 nM) and AhpC (1 u-M), and expressed relative to untreated AhpC Sulphydryl content 
was measured with DTNB. Tyrosine nitration was measured by absorbance at 430 nm. 
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In the biosynthesis of many macrocyclic natural products by 
multidomain megasynthases, a carboxy-terminal thioesterase 
(TE) domain is involved in cyclization and product release 1,2 ; 
however, it has not been determined whether TE domains can 
catalyse macrocyclization (and elongation in the case of sym- 
metric cyclic peptides) independently of upstream domains. The 
inability to decouple the TE cyclization step from earlier chain 
assembly steps has precluded determination of TE substrate 
specificity, which is important for the engineered biosynthesis 
of new compounds 1 . Here we report that the excised TE domain 
from tyrocidine synthetase efficiently catalyses cyclization of a 
decapeptide-thioester to form the antibiotic tyrocidine A, and can 
catalyse pentapeptide-thioester dimerization followed by cycliza- 
tion to form the antibiotic gramicidin S. By systematically varying 
the decapeptide-thioester substrate and comparing cyclization 
rates, we also show that only two residues (one near each end of 
the decapeptide) are critical for cyclization. This specificity profile 
indicates that the tyrocidine synthetase TE, and by analogy many 
other TE domains, will be able to cyclize and release a broad range 
of new substrates and products produced by engineered enzy- 
matic assembly lines. 

An enormous range of medicinally important polyketide and 
peptide natural products assembled by modular polyketide 
synthases (PKSs), non-ribosomal peptide synthetases (NRPSs) 
and mixed PKS/NRPS systems have macrocyclic structures, includ- 
ing the antibiotics erythromycin (PKS) and daptomycin (NRPS), 
the immunosuppressants cyclosporin (NRPS) and rapamycin 
(PKS/NRPS), and the antitumour agent epothilone (PKS/NRPS). 
PKSs and NRPSs are large, multifunctional proteins that are 
organized into sets of functional domains termed modules 1,2 . The 
order of modules corresponds directly to the sequence of monomers 
in the product. Synthetic intermediates are covalently tethered by 
thioester linkages to a carrier protein domain in each module. The 
thiol tether on each carrier domain is phosphopantetheine, 
which is attached to a conserved serine residue in the carrier 
protein in a post-translational priming reaction catalysed by a 
phosphopantetheinyltransferase 3 . Chain initiation involves loading 
a specific monomer onto the thiol tether of each carrier protein. 
Subsequent chain elongation steps involve transfer of the growing 
chain from an upstream carrier protein to the adjacent downstream 
carrier-protein-bound monomer. Release of the full-length chain 
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from the most C-terminal carrier domain is almost always catalysed 
by a C-terminal TE domain of relative molecular mass 28,000- 
35,000 (M r 28K-35K) l . Thioesterase domains of PKS and NRPS use 
a catalytic triad consisting of a serine residue (or cysteine in some 
cases), histidine and an acidic residue 4,5 . Thioester cleavage involves 
sequential acylation and deacylation of the active-site serine 5-7 . In 
the acylation step, the full-length chain is transferred from the thiol 
tether of the upstream carrier protein to the serine residue. Deacyla- 
tion of the resulting acyl-O-TE intermediate occurs either by 
intramolecular cyclization to form macrolactones or macrolactams 
or by hydrolysis. 

It was not dear at the outset whether an isolated TE domain 
would retain cyclization activity; when the deoxyerythronlide B 
synthase TE domain was overproduced and purified it had 
hydrolysis activity, but did not cyclize synthetic acyl-thioester 
substrates 73 . The absence of cyclization in these cases might reflect 
that either the simplified substrate analogues lacked functional 
groups required for substrate recognition or the TE cannot inde- 
pendently catalyse cyclization. With regard to TE specificity, engi- 
neered PKS and NRPS systems in which domains have been added, 
substituted, or deleted can produce new polyketides 9 " 14 and "pep- 
tides 15 " 17 . For example, engineered variants of deoxyerythronlide B 
synthase, which normally produces a 14-membered macrolactone, 
produce of a variety of cyclic products ranging in size from 6- to 16- 
membered rings 9 " 13 ; however, the product yield of an engineered 
synthase is often much lower than that of its natural counterpart 12 . 
This limitation may reflect the specificity of individual domains 
within a synthase. For example, analysis of a peptide-bond-forming 
C domain from an NRPS revealed that this domain has low 
selectivity for the upstream residue, but high selectivity for the 
downstream residue 18 . As a synthase engineered to assemble a new 
polyketide or peptide chain will be useful only if the TE can 
efficiently release the product by cyclization or hydrolysis, char- 
acterizing TE specificity is a critical step toward robust engineered 
synthases. 

We wanted to determine whether the TE domain from the 
tyrocidine NRPS (Fig. la), which catalyses assembly of the cyclic 
decapeptide antibiotic tyrocidine A 19 * 20 , can independently catalyse 
peptide cyclization. We replaced full-length TycC (M r 724K) with 
overexpressed and purified TycC TE domain (M r 28K) and replaced 



decapeptide-5-PCP (the natural substrate of the TE domain) with 
a synthetic peptide N-acetylcysteamine (NAC) thioester (peptide- 
SNAC) (Fig. lb). iST-acetylcysteamine is structurally identical to 
the terminal portion of phosphopantetheine and thus a good 
mimic of the natural substrate decapeptide-S-PCP 7,8 . When the 
decapeptide-SNAC corresponding to the tyrocidine A sequence 




Rgure 2 Cyclization activity and substrate specificity of the TycC TE domain, a, HPLC 
analysis of reactions that initially contained 2 yM UP, 50 nM TycC TE and 25 mM MOPS 
(pH 7.0, 24 °C). b, Kinetic parameters for peptide-SNAC cyclization catalysed by the TE 
domain of TycC. 
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Rgure 1 Role of the thioesterase (TE) domain in biosynthesis of the cyclic decapeptide 
antibiotic tyrocidine A. a, The tyrocidine non-ribosomai peptide synthetase from 5. brevis. 
Synthetase subunitsTycA, TycB and TycC are represented by a series of boxes. Each box 
represents a functional domain: A adenylate (catalyses amino-acid activation); PCP, 
peptidyl carrier protein; C, condensation (catalyses peptide-bond formation); 
E, epimerization. The TE domain is shaded. Thiol (SH) and hydroxyl (OH) groups represent 



phosphopantetheine and the TE active-site serine residue, respectively, b, Left, proposed 
mechanism of TE-domain catalysed macrocyclization and product release. Decapeptide 
intermediates are shown with the N-terminal residue D-Phe1 highlighted in red. Right, 
Experimental system for probing the mechanism and specificity of TE-domain catalysed 
cyclization. 
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(D-Phe-Pro-Phc-Dj-Phe-Asn-Gln-TVr-Val-Orn-Leu-SNAC (TLP); 
where Orn is ornithine) was incubated with purified TycC TE, 
efficient cyclization to tyrocidine A occurred as well as a minor flux 
of hydrolysis to the decapeptide (ratio of cyclizationthydrolysis, 6:1) 
(Fig. 2a). The cyclic product was identified as tyrocidine A by its co- 
elution with authentic tyrocidine A during high performance liquid 
chromatography (HPLC) and by mass spectrometry. Kinetic ana- 
lysis of the cyclization reaction established a k at of 59 turnovers per 
minute and a JC M of 3jxM. No hydrolysis or cyclization was 
detectable under the reaction conditions in the absence of 
enzyme. Thus, the isolated TE domain retains a robust capacity to 
recognize the tyrocidine decapeptide chain and to catalyse effi- 
ciently cyclization to a 30-membered macrocycle. To our knowl- 
edge, the small flux to hydrolysis is not observed with the natural 
synthetase, and may reflect the absence of upstream domains. We 
measured background hydrolysis and cyclization rates for TLP, 
which revealed that the TE domain of TycC accelerates hydrolysis 
and cyclization by factors of 1 x 10 6 and 2x 10 7 , respectively. 

To explore the substrate specificity of TycC TE, we synthesized a 
series of mutant peptide-SNAC substrates that differ from the wild- 
type tyrocidine A sequence by a single amino-acid substitution. 
Specifically, we changed the ammo- terminal residue D-Phel to 
either L-Phe or D-Ala, D-Phe4 to D-Ala, Orn9 to Glu (Orn was not 
changed to Ala because the resulting cyclic molecule would be 
uncharged and have poor water solubility), and each of the other 
seven residues to Ala. We determined kinetic parameters for the 
cyclization of each of the mutant substrates (Fig. 2b). Notably, 
mutation of the N-terminal residue D-Phel to either L-Phe (DF1F) 
or D-Ala (DF1DA) abolishes cyclization activity, indicatirig that 
recognition of both the stereochemistry and side chain of this 
residue is essential for cyclization. Hydrolysis of DF1F and 
DF1DA is observed, with kinetic parameters similar to the wild- 
type substrate TLP, indicating that these mutations affect the 
cyclization step and not peptide-O-TE formation. Recognition of 
Orn9 is also critical for cyclization: when changed to Glu (09E), 
cyclization still occurs, but with k at decreased 100-fold and Km 
increased 20-fold. Changing Orn to Glu affects cyclization and 
hydrolysis equally, indicating that the mutation affects the peptide- 
Q-TE formation step. Mutants in which each of the remaining eight 
residues are changed to alanine (without changing l- or d- con- 
figuration) have relatively little effect on cyclization kinetics: 
values for all of these substrates are within a factor of 2 of the wild- 
type substrate TLP except for LI OA (fourfold reduction in fc^)* and 
all of the K M values are within a factor of 2 of TLP except Y7A 
(fivefold increase in K M ) and V8A (threefold increase in K M ). These 
results suggest that Tyr7, Val8 and Leu 10 contribute to substrate 
recognition, although their contribution is much less than that of 
D-Phel and Orn9. 
The observed specificity of the TE domain of TycC suggests that 



various substrates that retain the key 'recognition residues' will be 
cyclized. To test this prediction, we synthesized 9-residue (D-Phe- 
Pro-Phe-Asn-Gln-Tyr-Val-Orn-Leu-SNAC; TLP9) and 11-residue 
(D-Phe-Pro-Phe-D-Phe-Asn-Ala-Gln-Tyr-Val-Orn-Leu-SNAC; 
TLP11) substrates in which one residue near the centre of the TLP 
sequence is either deleted or inserted. Both 9- and 11-membered 
substrates are cyclized by the TE domain of TycC (Fig. 2b). The 15- 
fold reduction in for TLP9 may result from strain in the cyclic 
conformation. These results show that TycC TE can catalyse 
formation of cyclic peptides with various ring sizes. 

We next investigated whether the TycC TE could catalyse assem- 
bly of the cyclic decapeptide antibiotic gramicidin S. The amino- 
acid sequence of gramicidin S is a pentapeptide repeat, and the 
gramicidin S NRPS contains only five amino-acid activation mod- 
ules (Fig. 3a), suggesting that the gramicidin TE domain (GrsB TE) 
catalyses dimerization of two pentapeptides and cyclization of the 
resulting decapeptide 21,22 . A proposed mechanism 6 for this process is 
shown in Fig. 3b. Comparison of the sequence of the tyrocidine 
decapeptide precursor with that of the gramicidin S pentapeptide 
precursor (D-Phe-Pro-Val-Orn-Leu) reveals that both peptides have 
the same two N-terminal residues (D-Phe-Pro) and the same three 
C- terminal residues (Val-Orn-Leu). 
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. As our results with TycC TE indicated that these common N- and 
C-terminai sequences are sufficient for substrate recognition, we 
reasoned that the TycC TE should be able to dimerize the gramicidin 
S pentapeptide-SNAC (D-Phe-Pro-Val-Orn-Leu-SNAC; GLP5) to 
form a decapeptide-SNAC that would then cyclize to gramicidin S. 
On incubation of GLP5 with TycC TE, we observed efficient chain 
dimerization and subsequent cyclization, as well as hydrolysis to the 
pentapeptide (Fig. 4). The identities of the products were confirmed 
by HPLC co-elution with authentic standards and by mass spectro- 
metry. This result shows that the isolated TycC TE domain can 
catalyse peptide elongation and reveals the mechanism for penta- 
peptide dimerization and cyclization by gramicidin S synthetase, as 
well as the likely mechanism for assembly of other symmetric cyclic 
peptides such as the antitumour antibiotic thiocoraline 23 . This 
finding complements our previous demonstration that the TE- 
containing protein EntF from enterobactin synthetase can catalyse 
two elongation cycles followed by cyclization to form enterobactin, 
a 12-membered trilactone 6 . Finally, the fact that the gramicidin 
S precursor decapeptide-SNAC (D-Phe-Pro-Val-Orn-Leu-D-Phe- 
Pro-Val-Orn-Leu-SNAC; GLP10), which differs from the tyrocidine 
A precursor TLP by the substitution of five central residues, cyclizes 
at a rate similar to TLP (fivefold lower k^ t and comparable K M for 
GLP10 compared with TLP) further shows that the TycC TE can 
cyclize various substrates provided that the necessary 'recognition 
residues' near each end of the substrate are present. We note that 
ligation 24 and cyclization of synthetic acyl-thioesters may be a 
generally useful application of excised TE domains from PKS and 
NRPS systems. □ 

Methods 

Peptide-SNAC synthesis 

Peptides were prepared by automated solid-phase synthesis (0.3 mmol scale, diiso- 
propylcarbodiimide/hydroxybenzotriazole (DIPCDI/HOBt) activation) on 2-chlorotrityI 
resin derivatized with the appropriate C-terminaJ amino acid using Fmoc-protected 
monomers (side-chain protecting groups used were: trityi for Asn and Gin, f-butyl for Tyr, 
and Boc for Orn) except for the N-terminal monomer, which was Boc-protected. The 
peptide was cleaved from the resin using 1:1:3 acetic acidrtrifluoroethanohdichloro- 
methane (DCM) (3 h, 24 °C), then precipitated with rt-hexane and the solvent removed by 
rotary evaporation. The protected peptide (1 eq.) was dissolved in tetrahydrofuran (THF) 
ordimethylformamide (DMF). A solution of DCC (1.2 eq.) and HOBt (1.2 eq.) in THF (or 
DMF) and N-acetyicysteamine (2.5 eq.) were added, and the reaction stirred for 35 min at 
24 °C Potassium carbonate (0.6 eq.) was then added, and the reaction stirred for 3 h at 
24 °C filtered and concentrated. The protected peptide-SNAC was treated with 16:3:1 
trifluoroacetic acid (TFA):DCM:Ar-acetylcysteamine (3 h, 24 °C) and precipitated with 
ether. Reverse-phase (da) HPLC purification (20 to 50% acetonitrile in 0.1% TFA/water 
over 30 min) afforded the peptide-SNAC TFA salt (10-25% yield from the protected 
peptide) in more than 95% purity (by analytical HPLC) as a white solid The identities of 
the all peptide-SNACs were verified by MALDI-TOF mass spectrometry. 

Protein expression 

TycCTE DNA was amplified from Bacillus brevts (ATCC 8185) chromosomal DNA using 
the primers 5 ' - ATAAGATCTCATAAGCGCTTTG AG AGCAG- 3 ' and 5'-ATAGGATCC 
TTTCAG<jATGAACAGTTCTTG-3 ' and Vent DNA Polymerase (New England Biolabs). 
The fragment was digested with BamHl and Bglll and cloned into B^/II-digested pQE60 
(Qiagen), which adds the sequence GSRSHHHHHH to the C terminus of the expressed 
protein. Expression of the resulting plasmid pQE60-TE(TycC) in Escherichia coli 
M15[pREP4) (Qiagen) followed by Ni-NTA affinity chromatography yielded TycC TE 
(25 mg l" 1 ; > 95% pure by SDS-PAGE). 

Assays 

We carried out reactions in 25 mM MOPS, pH 7.0, in a total volume of 400 ul Reactions 
were initiated by addition of TycC TE and quenched at various time points by the addition 
of 25 u.1 1.7% TFA/water, flash frozen in liquid nitrogen and stored at -80 °C (for 09E, 
reactions were quenched by the addition of sodium phosphate, pH 5.3 to 100 mM). We 
then thawed the reactions, added 85 u.1 acetonitrile, and analysed them by analytical HPLC 
with monitoring at 220 nm (20-80% acetonitrile in 0.1% TFA/water (or in 25 mM 
potassium phosphate, pH 5.3, for 09E) over 35 min, Vydac protein and peptide Cig 
column). Initial rates were calculated using 1-min time points. Peptide-SNAC and 
reaction product concentrations were determined for all Tyr-containing peptides based on 
the estimated extinction coefficient e (280 nm) = 1,280 m -1 cm" 1 , which agrees with the 
experimentally determined € (280 nm) of TLP. For peptide-SNACs not containing Tyr, e 
(220 nm) was determined experimentally, and concentrations of corresponding cyclic 
products determined by assuming equal e (220 nm) values for the peptide-SNAC and 
cyclic product. 



Product characterization 

AH cyclic products were characterized by MALDI-TOF mass spectrometry. Cyclic 
products enzymatically synthesized from TLP, P2A, L10A, TLP9, TLP1 1 and GLP10 were 
further characterized by ESI-ion trap mass spectrometry. Enzymatically synthesized (from 
TLP) and authentic tyrocidine A gave identical fragment ions, including four internal 
fragment ions (observed both with and without loss of NH 3 from Asn or Gin) that contain 
the LeulO-D-Phel dipeptide segment formed by head- to-tail cyclization, and at least two 
of the corresponding fragment ions were identified for cyclic peptides from P2A, LI OA, 
TLP9 and TLP1 1, confirming that these products result from head-to- tail cyclization. For 
example, an Orn9 to Tyr7 ion was observed for each cycle (TLP cycle, M+H for O 
LFPFFNQY: calculated 1 157.6, observed 1 157.6; P2A cycle, M+H for OLFAFFNQY: 
calculated 1 131.6, observed 1 131.5; L10A cycle, M+H for OAFPFFNQY: calculated 1 1 15.5, 
observed 1115.5; TLP9 cycle, M+H for OLFPFNQY: calculated 1009.5, observed 1009.3; 
TLP11 cycle, M+H for OLFPFFNAQY calculated 1228.6, observed 1228.6; the underline 
highlights the LF bond formed by head to tail condensation). Similarly, the GLP10 cycle 
and authentic gramicidin S gave the same fragmentation pattern, and one ion confirming 
head-to-tail cyclization was detected in both samples (GLP10 cycle, M+H for LFPVO 
LFPV: calculated 914.6, observed 914.5). 
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For the determination of pKa values, AhpC C46A and CI 65 A (20 (iM) were treated with 
iodoacetamide (200 u.M) in 100 mM potassium phosphate. 1 mM EDTA at pH values 
from 4.to 10 for 45 min at room temperature. DTNB (5,5'-dithiobis(2-nitrobenzoic acid); 
200 jxM)' was added, and sulphydryi content determined by absorbance at a wavelength of 
412 nm. 

Stopped- flow experiments were performed on an OLIS RSM-16 instrument One 
syringe contained 5 u,M peroxynitrite in 3 mM NaOH, and the other contained 100 mM 
potassium phosphate pH 7.0, 100 jiM DTPA (KPi buffer). Equal volumes were injected 
into a stopped-flow cell, and the pH of the reaction (6.75) was measured at the outlet 400 
scans were collected for each run, and Jtoh. was obtained by fitting experimental data to a 
single exponential decay function. 

TBH reductase activity was measured in the presence of NADH (200 u.M), AhpF 
(500 nM) and AhpC (1 u,M), and expressed relative to untreated AhpC. Sulphydryi content 
was measured with DTNB. Tyrosine nitration was measured by absorbance at 430 nm. 
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In the biosynthesis of many macrocyclic natural products by 
multidomain megasynthases, a carboxy-terminal thioesterase 
(TE) domain is involved in cydization and product release 1,2 ; 
however, it has not been determined whether TE domains can 
catalyse macrocyclization (and elongation in the case of sym- 
metric cyclic peptides) independently of upstream domains. The 
inability to decouple the TE cydization step from earlier chain 
assembly steps has precluded determination of TE substrate 
specificity, which is important for the engineered biosynthesis 
of new compounds 1 . Here we report that the excised TE domain 
from tyrocidine synthetase efficiently catalyses cydization of a 
decapeptide-thioester to form the antibiotic tyroddine A, and can 
catalyse pentapeptide-thioester dimerization followed by cydiza- 
tion to form the antibiotic gramicidin S. By systematically varying 
the decapeptide-thioester substrate and comparing cydization 
rates, we also show that only two residues (one near each end of 
the decapeptide) are critical for cydization. This specificity profile 
indicates that the tyrocidine synthetase TE, and by analogy many 
other TE domains, will be able to cyclize and release a broad range 
of new substrates and products produced by engineered enzy- 
matic assembly lines. 

An enormous range of medicinally important polyketide and 
peptide natural products assembled by modular polyketide 
synthases (PKSs), non-ribosomal peptide synthetases (NRPSs) 
and mixed PKS/NRPS systems have macrocyclic structures, includ- 
ing the antibiotics erythromycin (PKS) and daptomycin (NRPS), 
the immunosuppressants cyclosporin (NRPS) and rapamycin 
(PKS/NRPS), and the antitumour agent epothilone (PKS/NRPS). 
PKSs and NRPSs are large, multifunctional proteins that are 
organized into sets of functional domains termed modules 1,2 . The 
order of modules corresponds directly to the sequence of monomers 
in the product. Synthetic intermediates are covalently tethered by 
thioester linkages to a carrier protein domain in each module. The 
thiol tether on each carrier domain is phosphopantetheine, 
which is attached to a conserved serine residue in the carrier 
protein in a post-translational priming reaction catalysed by a 
phosphopantetheinyltransferase 3 . Chain initiation involves loading 
a specific monomer onto the thiol tether of each carrier protein. 
Subsequent chain elongation steps involve transfer of the growing 
chain from an upstream carrier protein to the adjacent downstream 
carrier-protein-bound monomer. Release of the full-length chain 



NATURE | VOL 407| 14 SEPTEMBER 2000 1 www.nature.com £* © 2000 Macmillan Magazines Ltd 



215 



letters to nature 



from the most C- terminal carrier domain is almost always catalysed 
by a C- terminal TE domain of relative molecular mass 28,000- 
35,000 (M r 28K-35K) Thioesterase domains of PKS and NRPS use 
a catalytic triad consisting of a serine residue (or cysteine in some 
cases), histidine and an acidic residue 4 * 5 . Thioester cleavage involves 
sequential acylation and deacylation of the active-site serine 5 " 7 . In 
the acylation step, the full-length chain is transferred from the thiol 
tether of the upstream carrier protein to the serine residue. Deacyla- 
tion of the resulting acyl-OTE intermediate occurs either by 
intramolecular cyclization to form macrolactones or macrolactams 
or by hydrolysis. 

It was not clear at the outset whether an isolated TE domain 
would retain cyclization activity; when the deoxyerythronlide B 
synthase TE domain was overproduced and purified it had 
hydrolysis activity, but did not cyclize synthetic acyl-thioester 
substrates 7,3 . The absence of cyclization in these cases might reflect 
that either the simplified substrate analogues lacked functional 
groups required for substrate recognition or the TE cannot inde- 
pendently catalyse cyclization. With regard to TE specificity, engi- 
neered PKS and NRPS systems in which domains have been added, 
substituted, or deleted can produce new polyketides 9 " 14 and pep- 
tides 15 " 17 . For example, engineered variants of deoxyerythronlide B 
synthase, which normally produces a 14-membered macrolactone, 
produce of a variety of cyclic products ranging in size from 6- to 16- 
membered rings 9 " 13 ; however, the product yield of an engineered 
synthase is often much lower than that of its natural counterpart 12 . 
This limitation may reflect the specificity of individual domains 
within a synthase. For example, analysis of a peptide-bond-forming 
C domain from an NRPS revealed that this domain has low 
selectivity for the upstream residue, but high selectivity for the 
downstream residue 18 . As a synthase engineered to assemble a new 
polyketide or peptide chain will be useful only if the TE can 
efficiently release the product by cyclization or hydrolysis, char- 
acterizing TE specificity is a critical step toward robust engineered 
synthases. 

We wanted to determine whether the TE domain from the 
tyrocidine NRPS (Fig. la), which catalyses assembly of the cyclic 
decapeptide antibiotic tyrocidine A 19 * 20 , can independently catalyse 
peptide cyclization. We replaced full-length TycC (Af r 724K) with 
overexpressed and purified TycC TE domain (M r 28K) and replaced 
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decapeptide-5-PCP (the natural substrate of the TE domain) with 
a synthetic peptide N-acetylcysteamine (NAC) thioester (peptide- 
SNAC) (Fig. lb). N-acetylcysteamine is structurally identical to 
the terminal portion of phosphopantetheine and thus a good 
mimic of the natural substrate decapeptide-S-PCP 7,8 . When the 
decapeptide-SNAC corresponding to the tyrocidine A sequence 
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Figure 2 Cyclization activity and substrate specificity of the TycC TE domain, a, HPLC 
analysis of reactions that initially contained 2 jxM TIP, 50 nM TycC TE and 25 mM MOPS 
(pH 7.0, 24 °C). b, Kinetic parameters for peptide-SNAC cyclization catalysed by the TE 
domain of TycC. 
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Rgure 1 Role of the thioesterase (TE) domain in biosynthesis of the cyclic decapeptide 
antibiotic tyrocidine A. a, The tyrocidine non-ribosomal peptide synthetase from ft brevis. 
Synthetase subunits TycA, TycB and TycC are represented by a series of boxes. Each box 
represents a functional domain: A, adenylate (catalyses amino-acid activation); PCP, 
peptidyl carrier protein; C, condensation {catalyses peptide-bond formation); 
E, epimerization. The TE domain is shaded. Thiol (SH) and hydroxy! (OH) groups represent 



phosphopantetheine and the TE active-site serine residue, respectively, b, Left, proposed 
mechanism of TE-domain catalysed macrocyclization and product release. Decapeptide 
intermediates are shown with the N-terminal residue D-Phel highlighted in red. Right, 
Experimental system for probing the mechanism and specificity of TE-domain catalysed 
cyclization. 
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(D-Phe-Pro-Phe-D-Phe-Asn-Gln-Tyr-Val-Om-Leu-SNAC (TLP); 
where Orn is ornithine) was incubated with purified TycC TE, 
efficient cyclization to tyrocidine A occurred as well as a minor flux 
of hydrolysis to the decapeptide (ratio of cyclization:hydrolysis, 6:1) 
(Fig. 2a). The cyclic product was identified as tyrocidine A by its co- 
elution with authentic tyrocidine A during high performance liquid 
chromatography (HPLC) and by mass spectrometry. Kinetic ana- 
lysis of the cyclization reaction established a k at of 59 turnovers per 
minute and a K M of 3liM. No hydrolysis or cyclization was 
detectable under the reaction conditions in the absence of 
enzyme. Thus, the isolated TE domain retains a robust capacity to 
recognize the tyrocidine decapeptide chain and to catalyse effi- 
ciently cyclization to a 30-membered macrocycle. To our knowl- 
edge, the small flux to hydrolysis is not observed with the natural 
synthetase, and may reflect the absence of upstream domains. We 
measured background hydrolysis and cyclization rates for TLP, 
which revealed that the TE domain of TycC accelerates hydrolysis 
and cyclization by factors of 1 x 10 6 and 2 x 10 7 , respectively. 

To explore the substrate specificity of TycC TE, we synthesized a 
series of mutant peptide-SNAC substrates that differ from the wild- 
type tyrocidine A sequence by a single amino-acid substitution. 
Specifically, we changed the ammo-terminal residue D-Phel to 
either L-Phe or D-Ala, D-Phe4 to D-Ala, Orn9 to Glu (Orn was not 
changed to Ala because the resulting cyclic molecule would be 
uncharged and have poor water solubility), and each of the other 
seven residues to Ala. We determined kinetic parameters for the 
cyclization of each of the mutant substrates (Fig. 2b). Notably, 
mutation of the N-terminal residue D-Phel to either L-Phe (DF1F) 
or D-Ala (DF1DA) abolishes cyclization activity, indicating that 
recognition of both the stereochemistry and side chain of this 
residue is essential for cyclization. Hydrolysis of DF1F and 
DF1DA is observed, with kinetic parameters similar to the wild- 
type substrate TLP, indicating that these mutations affect the 
cyclization step and not peptide-O-TE formation. Recognition of 
Orn9 is also critical for cyclization: when changed to Glu (09E), 
cyclization still occurs, but with decreased 100-fold and K M 
increased 20-fold, Changing Orn to Glu affects cyclization and 
hydrolysis equally, indicating that the mutation affects the peptide- 
O-TE formation step. Mutants in which each of the remaining eight 
residues are changed to alanine (without changing l- or d- con- 
figuration) have relatively little effect on cyclization kinetics: k^ 
values for all of these substrates are within a factor of 2 of the wild- 
type substrate TLP except for LI OA (fourfold reduction in fc^), and 
all of the K M values are within a factor of 2 of TLP except Y7A 
(fivefold increase in K u ) and V8A (threefold increase in K M ). These 
results suggest that Tyr7, Val8 and Leu 10 contribute to substrate 
recognition, although their contribution is much less than that of 
D-Phel and Orn9. 
The observed specificity of the TE domain of TycC suggests that 



various substrates that retain the key 'recognition residues' will be 
cyclized. To test this prediction, we synthesized 9-residue (D-Phe- 
Pro-Phe-Asn-Gln-Tyr-Val-Om-Leu-SNAC; TLP9) and 11-residue 
(D-Phe-Pro-Phe-D-Phe-Asn-Ala-Gln-Tyr-Val-Orn-Leu-SNAC; 
TLP1 1) substrates in which one residue near the centre of the TLP 
sequence is either deleted or inserted. Both 9- and 1 1-membered 
substrates are cyclized by the TE domain of TycC (Fig. 2b). The 15- 
fold reduction in k^ for TLP9 may result from strain in the cyclic 
conformation. These results show that TycC TE can catalyse 
formation of cyclic peptides with various ring sizes. 

We next investigated whether the TycC TE could catalyse assem- 
bly of the cyclic decapeptide antibiotic gramicidin S. The amino- 
acid sequence of gramicidin S is a pentapeptide repeat, and the 
gramicidin S NRPS contains only five amino-acid activation mod- 
ules (Fig. 3a), suggesting that the gramicidin TE domain (GrsB TE) 
catalyses dimerization of two pentapeptides and cyclization of the 
resulting decapeptide 21,22 . A proposed mechanism 6 for this process is 
shown in Fig. 3b. Comparison of the sequence of the tyrocidine 
decapeptide precursor with that of the gramicidin S pentapeptide 
precursor (D-Phe-Pro-Val-Orn-Leu) reveals that both peptides have 
the same two N-terminal residues (D-Phe-Pro) and the same three 
C- terminal residues (Val-Orn-Leu). 
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Figure 4 The tyrxtdine synthetase thioesterase domain (TycC TE) catalyses dimerization 
of the pentapeptide-SNAC GLP5 and cyclization of the resulting decapeptide-SNAC to 
form gramicidin S. a, HPLC analysis of a reaction that initially contained 200 jxM GLP5, 
1 00 nM TycC TE and 25 mM MOPS {pH 7.0, 24 °C, 1 min reaction time), b, Kinetic 
parameters for GLP5 dimerization and hydrolysis and GLP10 cyclization catalysed by the 
. TE domain of TycC. 
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Figure 3 Role of the TE domain in biosynthesis of the cyclic decapeptide antibiotic 
gramicidin S. a, Gramicidin S synthetase from B, brew's, b, Proposed mechanism of 
pentapeptide dimerization and decapeptide cyclization catalysed by the TE domain of 
GrsB: (1) a pentapeptide is built up by the synthetase and transferred to the TE active-site 
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serine; (2) a second pentapeptide is built up; (3) the N-terminal amine of the 
pentapeptide-S-PCP reacts with the peptide-O-TE to form a decapeptide- S-PCP 
intermediate; and (4) the PCP-tethered decapeptide is transferred to the TE serine and 
cyclized. 
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. As our results with TycC TE indicated that these common N- and 
C-terminal sequences are sufficient for substrate recognition, we 
reasoned that the TycC TE should be able to dimerize the gramicidin 
S pentapeptide-SNAC (D-Phe-Pro-Val-Orn-Leu-SNAC; GLP5) to 
form a decapeptide-SNAC that would then cyclize to gramicidin S. 
On incubation of GLP5 with TycC TE, we observed efficient chain 
dimerization and subsequent cyclization, as well as hydrolysis to the 
pentapeptide (Fig. 4). The identities of the products were confirmed 
by HPLC co-elution with authentic standards and by mass spectro- 
metry. This result shows that the isolated TycC TE domain can 
catalyse peptide elongation and reveals the mechanism for penta- 
peptide dimerization and cyclization by gramicidin S synthetase, as 
well as the likely mechanism for assembly of other symmetric cyclic 
peptides such as the antitumour antibiotic thiocoraline 23 . This 
finding complements our previous demonstration that the TE- 
containing protein EntF from enterobactin synthetase can catalyse 
two elongation cycles followed by cyclization to form enterobactin, 
a 12-membered trilactone 6 . Finally, the fact that the gramicidin 
S precursor decapeptide-SNAC (D-Phe-Pro-Val-Orn-Leu-D-Phe- 
Pro-Val-Orn-Leu-SNAC; GLP10), which differs from the tyrocidine 
A precursor TLP by the substitution of five central residues, cyclizes 
at a rate similar to TLP (fivefold lower and comparable K M for 
GLP10 compared with TLP) further shows that the TycC TE can 
cyclize various substrates provided that the necessary 'recognition 
residues' near each end of the substrate are present. We note that 
ligation 24 and cyclization of synthetic acyl-thioesters may be a 
generally useful application of excised TE domains from PKS and 
NRPS systems. □ 

Methods 

Peptide-SNAC synthesis 

Peptides were prepared by automated solid-phase synthesis (0.3 mmol scale, diiso- 
propylcarbodiimide/hydroxybenzotriazole (DIPCDI/HOBt) activation) on 2-chlorotrityl 
resin derivatized with the appropriate C-terminal amino acid using Fmoc-protected 
monomers (side-chain protecting groups used were: triryl for Asn and Gin, f-butyl for Tyr, 
and Boc for Orn) except for the N-terminal monomer, which was Boc-protected. The 
peptide was cleaved from the resin using 1:1:3 acetic acid:trifluoroethanol:dichloro- 
me thane (DCM) (3 h, 24 °C), then precipitated with n-hexane and the solvent removed by 
rotary evaporation. The protected peptide (1 eq.) was dissolved in tetrahydrofuran (THF) 
or dimethylformamide (DMF). A solution of DCC ( 1 .2 eq.) and HOBt ( 1 .2 eq.) in THF (or 
DMF) and N-acetylcysteamine (2.5 eq.) were added, and the reaction stirred for 35 min at 
24 °C. Potassium carbonate (0.6 eq.) was then added, and the reaction stirred for 3 h at 
24 *Q filtered and concentrated. The protected peptide-SNAC was treated with 16:3:1 
trifluoroacetic acid (TFA):DCM:AT-acetyIcysteamine (3 h, 24 °C) and precipitated with 
ether. Reverse-phase (C, 8 ) HPLC purification (20 to 50% acetonitrile in 0.1% TFA/water 
over 30 min) afforded the peptide-SNAC TFA salt (10-25% yield from the protected 
peptide) in more than 95% purity (by analytical HPLC) as a white solid. The identities of 
the all peptide-SNACs were verified by MALDI-TOF mass spectrometry. 

Protein expression 

TycC TE DNA was amplified from Bacillus brevis (ATCC 8185) chromosomal DNA using 
the primers 5' -ATAAGATCTCATAAGCGCTTTG AGAGCAG-3' and 5'-ATAGGATCC 
TTTCAGG ATG AACAGTTCTTG- 3 ' and Vent DNA Polymerase (New England Biolabs). 
The fragment was digested with BamHl and Bglll and cloned into 5£/II-digested pQE60 
(Qiagen), which adds the sequence GSRSHHHHHH to the C terminus of the expressed 
protein. Expression of the resulting plasmid pQE60-TE(TycC) in Escherichia coli 
M15[pREP4] (Qiagen) followed by Ni-NTA affinity chromatography yielded TycC TE 
(25 mg I"'; > 95% pure by SDS-PAGE). 

Assays 

We carried out reactions in 25 mM MOPS, pH 7.0, in a total volume of 400 ul Reactions 
were initiated by addition of TycC TE and quenched at various time points by the addition 
of 25 u.1 1.7% TFA/water, flash frozen in liquid nitrogen and stored at -80 °C (for 09E, 
reactions were quenched by the addition of sodium phosphate, pH 5.3 to lOOmM). We 
then thawed the reactions, added 85 uJ acetonitrile, and analysed them by analytical HPLC 
with monitoring at 220 nm (20-80% acetonitrile in 0.1% TFA/water (or in 25 mM 
potassium phosphate, pH 5.3, for 09E) over 35 min, Vydac protein and peptide C Xi 
column). Initial rates were calculated using 1-min time points. Peptide-SNAC and 
reaction product concentrations were determined for all Tyr-containing peptides based on 
the estimated extinction coefficient e (280 nm) = 1,280 M~' cm" 1 , which agrees with the 
experimentally determined e (280 nm) of TLP. For peptide-SNACs not containing Tyr, e 
(220 nm) was determined experimentally, and concentrations of corresponding cyclic 
products determined by assuming equal e (220 nm) values for the peptide-SNAC and 
cyclic product. 



Product characterization 

All cyclic products were characterized by MALDI-TOF mass spectrometry. Cyclic 
products enzymatically synthesized from TLP, P2A, L10A, TLP9, TLP1 1 and GLP10 were 
further characterized by ESI- ion trap mass spectrometry. Enzymatically synthesized (from 
TLP) and authentic tyrocidine A gave identical fragment ions, including four internal 
fragment ions (observed both with and without loss of NH 3 from Asn or Gin) that contain 
the Leul0-D-Phel dipeptide segment formed by head-to-tail cyclization, and at least two 
of the corresponding fragment ions were identified for cyclic peptides from P2A, LI OA, 
TLP9 and TLP1 1, confirming that these products result from head-to- tail cyclization. For 
example, an Orn9 to Tyr7 ion was observed for each cycle (TLP cycle, M+H for O 
LFPFFNQY: calculated 1157.6, observed 1157.6; P2A cycle, M+H for OLFAFFNQY: 
calculated 1131.6, observed 1131.5; L10A cycle, M+H for OAFPFFNQY: calculated 1115.5, 
observed 1115.5; TLP9 cycle, M+H for OLFPFNQY: calculated 1009.5, observed 1009.3; 
TLP1 1 cycle, M+H for OLFPFFNAQY calculated 1228.6, observed 1228.6; the underline 
highlights the LF bond formed by head to tail condensation). Similarly, the GLP10 cycle 
and authentic gramicidin S gave the same fragmentation pattern, and one ion confirming 
head-to-tail cyclization was detected in both samples (GLP10 cycle, M+H for LFPVO 
LFPV: calculated 914.6, observed 914.5). 
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